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ONSTEELSUREAC3SBOUNMRY-LU6RIOA!UID

WITHSTEARIC-ACIDSOLUTIONS’

By RobertL. Johnson,MarshalJ.
andMaxA. swikert

B. Peterson’

Experimentswerecon@otedtoestablishthecapabilitiesofa
fattyaoid(stearic)asanadditiveforlubricationof steelsur-
facesathighslidingvelocities(75to 7000ft/min)withsevere
loading(169to 1543grams,initialHertzsurfaoestress,108,OOOto
194,000lb/sqin.)andtodeteminetheeffioaoyofpreparedoxide
filmsinthistypeofIulrioation.

.
Itwasfoundthatlubricationwithstearicacidas anadditive

inoctanewaseffeotiveat slidingvelocitiesup to3000feet’per
minutebothforoleansteelsurfacesandforsurfaoescoatedwith
ferricoxideFe203 (1OOOAthiok).A preparedfilmofferroso-
ferricoxideFe304 (1000A thick)preventedlubricationfailure
with0.5-peroentstearicacidinoctaneat s,lidingvelocitieshigher
than7000feetperminute(269gramload)andwith>oadsto 769grams
ata slidingvelooityof6000feetperminute.Lubricationfailures
wereprobablyaausedbymeltingofthemetalliosoapformedby inter-
actionofthestearicaoidwiththesteelmrfaoes. Theexperiments
indioatethatthetypeofsurfaoeoxideandthethiolmessofthe
oxidefillmareimportantindetermdninntheeffectivenessof stearic
aoidasanadditiveinlubricationathighslidingvelocities.

&1310DUOTION

Theuseoflow-visoosityoilsinaircraft
satisfactoryoperationat lowtemperatureshas
boundarylubricationat operatingtemperatures

,’

enginesto alhw
resultedinmarginal
(reference1). The

useoflubrioantadditivesforprovid-~
ofslidingsurfaoesisbeingconsidered.

inorea~edloadoapaoity
References2 and3 point
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outthatwitha temperat~e-active(extreme-pressure)typeofaddi-
tivelubricationmaybe ineffectiveat highslidingvelocities
beoausean effectivechemicalreactionbetweenthesurfaoesandthe
additivestoprovidea lubricatingfilmmaynothavetimeto ocour.

Studiesmadeatrelativelylowtemperatures(references4 to 9)
haveestablishedthepointthat,witha fatty-acidtypeofadditive,
highcontacttemperaturesorpressuresareunnecessaryforfOrmatiOn
ofan effectivelubricatingfilm.S*rO@Y adsorbed,orientedmole-
culesofthefattyacidsaredepositedonthemeklliosurfaoeswith
whichtheyreacttoformmeiallicsoap.Becausea preformedlubri-
catingfilmisavailable,a fatty-aoidtypeofadditivewouldoffer
greaterpossibilitiesforlubricationathighslidingvelocities
thanwouldthetemperature-active(extz%me-pressure)typeofaddi-
tive,whichmustformitslubricatingfilmtier oontaot“conditions.
Fattyaoidsere,huwever,generallyconsideredtoprovidelessload-
carryingcapaoitythanisobtainablefromtemperature-aoti+emate-
rials. Furthermore,fattyaoidsm?enotconsideredas effeotive
athightempemtures(reference10).

Fundamentdcorrosionstudiesreportedinreferenoe7 indi-
catetheneoessityforsurface-oxidesormoistureinthechemical
actionoffattyaoidswithseveralmetals.Ltiricationstudies
reportedfnreferences4, 8,and9 showtheimportanceofmoisture
andoxidesinluhricationbyfattyacids. Nodatahavebeenpub-
lished,however,to showtheeffeotsofdifferentoxidesof iron
onthelubrication~rooesswithfattyaoids.

Theobjectoftheresearchreportedhereinwasto investigate
a fattyacid(stearicacid)asanadditiveforlubricationof steel
athighslidingvelocitiesandtodeterminetheeffectof prepared
surfaceoxidefilmsonlubricationby fattyaoids.Ikperiments
wereconductedatthelUCALewislaboratoryusinga sliding-fiibtfon
apparatusthatallowedfrictiontohemeasuredandboundarylubri-
cationeffectivenesstobe detemninedathighslidingvelocities
(50to 18,000ft/min)withhighsurfaceloads(initialHertzsur-
faoestresses,108,000to 194,000lb/sqin.).Friotionspedmens
wereusedwithpreparedfilmsofferroso-ferriooxideFe304 and

ferricoxideFe203 amlwitholeansteelsurfaoes.

APPARATUSAD PROCEDURE

ItMctionapparatus.- Thefiiotionapparatus
experimentsisthatdesoribedinreference1-1.A

usedforthese
d~tio
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NACATN 2366 3

sketchofthebasicpartsoftheapparatusispresentedinfigure1.
Theprincipalelementsoftheapparati-werethespecimens,which -
wereanelasticallyrestrainedsphericalrideranda rotatingdisk.
Thediskspecimenshadanouterdiameterof13 inchesandweremade
ofnormalizedSAE1020-steel,RockwellA-50. Theriderspecimens
usedwerecommercialballs,1/4inchindiameter,andweremadeof
SAE1095steelhardenedtoRockwell..C-60.Theriderload P was
appliedalongtheverticalas oftheriderholder.Friction-
forcereadingsF wereobtainedfromanindicating-typecalibrated
potentiometerconnectedtoa strain-gage- dynamometer-ringassembly
andwererecordedusinga motion-picture”camera(64frames/see)
timedto operateforthe3 secondscovering-thedurationof each
frictionrun. me coeffici~tofkheticfrictionPk ~ com-
putedfromtheequation

where F iswe measuredfrictionforceand P istheappliednor-
malload.

A motor-drivenradial-feed.mechanism,calibratedto indicate
radialpositionoftherider,causedtheridertotraversea spiral
pathontherotatingdisksothatportionsoftheweartrackdid
notoverlap.TheMsk wasmountedon a flywheelthatwasdriven
througha flexiblecouplingbya hydraulicmotoroperatingunder ‘
constantfluidpressurewithspeedadjustedby varyingtheflowof
thehydraulicfluid;thisarrangementallowedgoodspeedcontrol‘
overa rangeof slidingvelocitiesbetween50 and18,000feetper
minute.Thediskandthe:riderwereenclosed,permittingthepre-
operatingatmosphereof driedairtobe slightlypressurizedso
thatthecontaminatedroomatmospheredidnotcontactthedisk
priorto theapplicationofthelubricant.Inordertoprevent
excessiveevaporationofthelubricants,driedairwaanotallowed
toflowoverthespecimensd~ingtheexperiments.

Film-formationapparatus.- Theoxidefilmswereformedby
heatingthesteeldisksinairina vacuumfurnaceateitheratmos-
phericorreducedpressures.Thisvacuumfurnace,showninfig-
ure2,consistedof a 2000-wattcircularheaterbuiltto accommo-
datethediskspecimensmmntedinsidea 15-inchmetalbelljar.
Thespecimenandtheheaterwerecqmrpletelyenclosedbya reflec-
tivealuminumshieldtoaidinobtaininguniformheating.The
chamberwasconnectedtovacuumpumpswithanairbleedintothe
PW@3 sYstemthatallowedveryclose controlofthepressure
insidethechamber.

--- -. . .— —— .——.__—__ —-—-—. .. . —. ——
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Specimenpreparation.- Thediskswerefinishedandcleaned
accordingtothefollowingprocedure(describedin greaterdetail
inreferenceU): Thediskswerefinishedby surfacegriqlingand .
nondirectionallappingtoproducea surfacehavingrandomfinishing
markswitha roughnessof4 to 8 microinchesrmsasmeasuredwitha
profilometer.Thecleaningprocessincludedin sequence:soaking
“andwipingina lowaromaticcleaningnaptha,wipingwithclean
clothssaturatedwitha solutioncontainingequalpartsofacetone
and~enzene,smnibbingwithmist levigatedaluminapowder,rinsing
undertapwatertoremovethealumina,testingforcleannessby
observingifwaterwiXLwetthesurface,immersinginredistilled
95-percentethylalcoholto remvethewater,rinsingwithadditional
redistilled95-percentethylalcohol,anddryingonthefriction
apparatusin anatmosphereof driedandfilteredair. Therider
specimenswerecleanedby wipingwitha clothsaturatedwithethyl
alcoholandby rinsingwithredistilled95-percentethylalcohol.
Theriderwasallowedto dryontheapparatus..

Thefilmsof Fe304 wereformedonthedisksby heatingina
restrictedoxygensupply.Thediskswereheatedat a pressureof
10millimetersofmercury(absolute)anda temperatureofapproxi-
mately875°F fora periodoftimesufficientto forma filmof
thicknessthatproduceda blueinterferencecolor.Thecolorof
thefiUUind%catedthatitsthiclmesswasqproximately1000sng-
stromunits.Thediskswereallowedto cooltoroomtemperature
inthefurnacewhilemaintainingthepressureat10millimetersof
mercuryov’era longperiodoftime..The l?e203filmswereformed
onthediskspecimensby heatingatatmosphericpressureanda tem-
peratureof 875°F fora period“oftimesufficienttoproducea
bluefh, indicatingthattheotidethicknesswasapproxhnately
10~ angstromunits.Thechemicalcompositionandcrystallinechar-
acteristicsofeachfilmweredeterminedby electrqn-diffraction
patternsobtainedfromsmallsteelspecimenspreparedatthesame
timethefrictiondiskswereprepared.Thesespecimenswereplaced
ontheinneredgeof eachdiskandsubjectedtothesame’treatment
aathedisk.Figure3 showsrepresentativepatternsobtainedfrom
thefilmmaterialsusedintheseexperiments.

Thelubricantsusedintheseexperimentsweremixturesof stearic
acidin cetaneor stearicacid.Thestesricacidusedwasofthe
hi+$hestpurityavailablefromcommercialsoticessnditwasusedat
variousweightconcentrationsin cetaneasthebasecarrier.The
cetanewasstoredina darkroomtopreventpromotionof itsoxida-
tionby lightandwaspercolatedthrough$WJ_ertseezth,alumina,
andsilicagelimmediatelypriorto itsusein everyexperimentin
orderto renmveanyextraneousmaterials.Thelubricantsolutions

,.
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NACATN 2366 5

weremadeimmediatelypriorto eachfrictionexperiment.Thelubri-
cantswerehsadledatalltimesinglasme -cleaned“ina chemical
cleaningsolution(chromic-acidtype)andweredepositedonthedisk
specimenby dropsfroma cleauplatinumdipper.Afterthelubricant

\

hadspreadoverthewholesurface,thediskwasrotatedatthemaxi-
m speedofthee~etimt (approximately2500rpm)for5 -utes

g
causingtheexcesslubricanttobe thrownoffleavingonlya very
thinfihn. Alltheexperimentswerecompletedwithin1 hourof

N depositionofthefilm;previousexperienceindicatedthatevapora-
tionofthelubricantdidnotaffectthefrictionresultswithin
thatperiodoftime. Intheexpertientsusingpurestearicacid,
thematerialwasdepositedonthedisks,whichhadbeenheated
(reheatedinthecaseof oxidefilms)to a temperaturejustabove
themeltingpoint(1~7°F) ofthestearicacid.Thediskwas
rotatedandthestearicacidwasrubbedonthedisksurfacewith
lenstissueusinga circumferentialmotionto obtaina verythin ‘
fillll. Reference6 indicatesthata filmappliedinthismanneris
orientedandapproachesa mononmlecularlayerofthelubricanton
thepointsofthesurfaceasperities.

Experimentalprocedure.- Duringtheexperimentsthediskwas
rotatedata predeterminedspeed.Bymeansof a CSDIarrangement,
theloadedriderwasloweredontothediskastheradialfeedwas.
started● As theridertraversedthedisk,frictionforce,asindi-
catedby thepotentiometer,wasobservedmd photographically
recordedanddiskrotativespeedwasdetermined-withw electric
revolutioncounterandsynchronizedtimer.Thetimercontrolled
theoperationcycleofthecamera,theradialtraversemechanism,
andtherevolutioncounter. The,runswereterminatedbylifting
theriderfromthedisksurface.Meanslidingvelocityforthe
runswascomputedfromtherecordedrotativediskspeedandthe
meaudiameteroftheriderpath. Changeindiqmeterotthiirider
pathonthedisk&r@ radialtraveloftheridercauseda maxi-
mumdeviationin slidingvelocityofapproximately3 percentfrom
themeanvslue.Anunwornareaofa riderwasusedin eachrun.

.

Experimentswereconductedunderrelativelyconstantconditionsof
roomtemperature(74°F) androomhumidity(40percent). Thefilms ‘ ‘
andthesurfacesofthediskspecimenwerestudiedusingcommon
physicalmeasurementandmetallographicequipmentbeforeandafter
thee~ertients.Hardnessandsurface-ro~ess measurementswere
‘usedas controlfactorqinevaluationofthediskspecimensprior
totheexperiments.Theelectron-ditl?ractionpatternswerepro-
ducedwiththediffractionadapterofa typeEMB-4RCAelectron
microscope.

.

.
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Basisforinterpretationof data.- Thefrictiondatapresented
arecompletefora representativeexperimentof eachlubrication
variablestudiedandwereselectedfroma massofdatafromseveral
experimentson eachvariable.In aU butisolatedcases,themaxi-
mUmexperiment~errorinfrictioncoefficientfora givencondition

/ oflubricationwaswithin~0.02. Whenunstablefrictionvalues
wereobtained,itwasmostgenerallyunderconditionswheremarginal
hibricationprevailed.Effectiveboundarylubricationmaybe defined
asa nonhydrodynamiccontitionof slidingoftm matingsurfacesunder
whichfrictionis consistentlylow(approximately0.10)withno sur-
facewelding.Forcomparativepurposes,a load-of269gramswasused
forthemajorityofthecurvespresentedthisloadproducesan ini-
tialHertzsurfacestress(126,000lb/sqin.)thatis intherange
of stressescomonlyattainedinaircraft-enginecomponentsthat
requirelubrication(reference12). ~

RESULTSANDDISCUSSION

Thefollowingtwoparametershavebeeninvestigatedin order
to determinetheireffectonthefrictionpropertiesofsteelsur-
faceslubricatedwithstearicacid: (1)lubricationwithvarious
concentrations,ad (2)effectof surface-oxidetreatment. .

LubricationwithVsriousConcentrations

Cleansteel.- Theeffectof slidingvelocityonfrictionis
showninfigure4 forcleansteelsurfaceslubricatedwithsolutions
of stearicacidendcetane,fordrysteelsurfaces,forsurfaces
lubricatedwithpurecetane,andforsurfaceslubricatedwithpure
stearicacid.Thecurvefordrysteelistakenfromreference11
andthecurveforpurecetaneon steelistakenfromreference2.
Thecleansteelrefersto a surfacehavinga filmwhichformsdur-
ingnormalhandlingthatispredo~l.y Fe304 andisapproxim-

ately 20angstromunitsthick.AU nominallycleansteelsurfaces
handledinairhavesuchanoxidefilm.

As indicatedinfigure4,thereisno appreciableeffectof
thedifferencesin concentrationsof stearicacidinvestigatedon
frictionat slidingvelocitiesbelowapproximately3000feetper
minute.ThecurvespresentedforO.1-percentsadO.S-percent.
stearicacidin cetanearenearlycoincidentinthatrangeof
s13iiingWLocities.Atthehigherslidingvelocities,theeffect
of additiveconcentrationbecomesmoreevidentaspartial-
lubricationfailuresoccur.Surfaceweldinganda changeinthe

..——.
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slopeofthecurvesoccurred

7

simultaneously,indicatingthepresence
ofa criticalslim velocity.Whenthefactorsoffrictionand
surfaceweldingasrelatedto changesin surfacetemperatureare
considered,it seems(andwillbe discussedlaterinconnectionwith
lubricationmechanism)thatthemechanismoffailureofthelubrica-
tionprovidedby thestearicacidincetanesolutiomisprimarily
oneofmeltingor softeningofthemetallicsoap,snowingcontact
of cleanmetallicasperities.Thisfailureappesrstobe a function
of surfacetemperature,whichisinfluencedby coefficientoffric-
tion,surfaceloading,slidingvelocity,andrateofheatdissipa-
tion. Criticalslidingvelocitymaytherefore%e changedby any
factoraffectingeithertherateofheatgenerationor its
dissipation.

Thevaluesof coefficientoffrictionobtainedfora rubbedfilm
ofpurestearicacidon steelfallona straightlinebetween0.09at
thelowestslidingvelocityand0.07atthehighestslidingvelocity.
Fortherubbedfilms,frictionvaluesarelowerthaninthecaseof
thesolutionsandlubricationwascompletelyeffectiveinpreventing
surfacefailure.Thelowfrictionvaluesofpurestearicacidare
probablya resultof a relativelythickfilmoforientedcrystals
establishinga surface.Thiscrystslorientationisa resultof
rubbingofthestearicacidfilm(reference6). Themolecularlayer
ofstearicacidimmediatelyadjacenttothesteelsurface-reactsto
formthemetallicsoap.Thesubsequentcrystallinelayersthatmay
be formedindepthfillingthemicroscopicrecessesinthesurface
couldattaina degreeoforientationthatprobablywouldnotbe
realizedwerethematerislsdepositedwithoutthephysicslrubbing
ofthesurface(reference6).

Thepracticalimplicationthatmaybe drawnfromthesedatais
that,forsolutionsofstearicacidincetane,a breakdownvelocity
existsabovewhichlubricationisnolongersatisfactory.Atthe
hi@er slidingvelocitieswherelubricationfailureoccurs,
increasedstearic-acidconcentrationdecreasesthefrictioncoeffi-
cient.Theresultspresentedtireferences2 and3 showthatnone
ofthetemperature-active(extreme-pressure)additivesstudiedpro-
videdeffectivelubricationat slidingvelocitiesQver2000feet
perminute.Comparisonofthedatareportedhereinwiththosefrom
references2 and3,whichwereobtainedunderthesameconditions,
indicatesthatstearicacidismoreeffectivethanseveral
temperature-activeadditivesinprovidinglubricationathighslid-
ingvelocities.

.

.
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Fe304 film.- Datasxepresentedinfigure5 showingthe
effectof slid3ngvelocityonfrictionof steelsurfaceshaving
relativelythick(1000A)preparedfilmsof Fe304 whenlubrica-
tedwithstearicacidandcetane.Forpurposesof comparison,
thecurve.fora dry Fe304 film(t&enfromreference13)ispre-
sented.Figure5 alsopresentsdataobtainedwithpurecetane,
withsolutionscontainingdifferentconcentrationsof stearicacid
incetane,andwifha rubbedfilmofpurestearicacid.

Atthehighslidingvelocities,thefrictionobtainedwitha
dry Fe304 filmis ina rangethatcomparesfavorablywithsome
IIOundwyluln-icaxlts.In contrastwiththefrictioncurveforcetane
on cleansteel,it shouldbe notedthatwithpurecetaneasthelub-
ricanton Fe304,thereisno awarentincreaseinfrictionwith
increasedslidingvelocity.Thiscomparisonindicatesthatthe
Fe30L filmiseffectiveinsupplementingcetanetoprovidelubri-
cationforsteelsurfaces.

.#

In experimentsusingO.1-percentstearicacidincetaneon
Fe304,inconsistentfrictiondata indicatedthatthelubricationwas
mginal . Thedatascatterwassuchthata curvecouldnotbe drawn
throughthepointsfortheO.1-percentsolution;however,theysll
fellbetweenthepurecetsmecurveandthecurveobtainedforthe
0.5-percentstearicacidincetane.Thesedataindicatethatcon-
centrationsgreaterthanO.1-percentsxenecessaryto obtaincorn-
pletelyeffectivelubricationundertheseconditionsslthough
Fe304 preventedsurfacewelding.Dataobtainedwith0.5-percent
stearicacidincetaneformeda smoothcurveovertheentiresliding-
velocityrange.Hotendencytowardsurfacefailurewasevidentfor
the0.5-percentsolutionevenattheveryhighslidlngvelocities.“
Inthehigh-sliding-velocityrange(5000ft/minandblgher),there
isverylittledifferencebetweenthefrictionobtainedwiththe
MbricatedandunlubricatedFe304 films.Thisresultmightindi-
catethatlubrication-atthehighslidingvelocities.is solelya
functionofthe Fe304 filmjhowever,itwouldthenbeexpected
thatuponlubricationfailureofthestesricacid-cetanesolutions
at3000feetperminutethecurvesfordry Fe304 sndfor
0.5-percentsteericacidincetaneon Fe304 wouldbecomecoiQci:
denth therangefrom3000to ’50~feetperminute.Sucha trend
wasnotobserved. . d

“
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Thecurveobttiedwhenpurestearic.
the Fe304 filmwasusedinthefriction

‘9

acid(fig.5)mb%ed on
experimentsshowslubri-

cationtobe completelyeffectiveovertheentirerangeof sliding
velocities.Thefrictionobtainedusing0.5-percentstearie-acid
solutionsapproachesvaluesforthepurestearicacidmuchmore
closelyfor”the Fe304 fi3m(fig.5)thanfortheclesmsteelsur- ,

$
faces(fig.4). Thefrictionvaluesforthetwolubricants.are
withinexperimentalerrorexceptintheverylowrangeof sliding
velocitiesbetween75and500feetpermiuWe wheretheresultsfor
thepurestearicaciddonotfollowthedownward trendwithincreas-
ingslidingvelocitiescomonto otherlubricantsinthisvelocity
range.Examinationofthewornsurfaceofriderspecimensthathad
beenlubricatedwi~hpurestearicacid,however,showedthatthe
wearwassignificantlylessthanthatobtainedwithstearic-acid
solutions.It isassumedthatthesefrictionandweardataare
dependentonfilmthicknessandcrystalorientationofthestearic
acidasinthecaseof cleansteel.In contrast,lubrication
effectivenessofthestearicacid- cetanesolutionsisbelieved
tobe almostentirelyduetothereactionfilmof metallicsoap
formedonthesurface,,as isindicatedinreference5 tobe the
lubricationmechanism’ofstearicacidon copper. .

.
.Fe203film.- Thepresenceof’Fe203“filmson steelsurfaces

formedinoperationoflubricatedslidersisnozmllyassociated
withsurfacefailure,as showninreference14. A simpleexperi-
menteffectivelydemonstrateda factorthatmaybe ofimportance
inconsideringthepossibleuseof stearicacidasfiadtiti.ve.

‘eduction‘f ‘e203 ‘0 ‘e304 wasshownby mixingpowderedFe203

withste’aricacidina beakerandheatingtheresultingpasteto a
temperaturewheretherewasvaporizationofthelubricant.Under
theseconditions,thecolorofW heatedmassturnedtoblackand
theofidebecememagnetic;bothofthesefactorsindicatethat
Fe203 wasreducedto Fe304.Reductionof Fe203 by oxidation L
ofstearicacidattemperaturesabove266°F (130°C)maybe a
factorof importanceintheuseof stearicacidasanadditive.
Thepresenceof stesricacidwouldthereforeminimizethecontinued
formationof Fe203 withitsdeleteriouseffects.

Theeffect
hatingprepared
cetaneis shown
fi~e includes.’
tionproperties

of slidingvelocityonfrictionofsteelstiaces
filmsof Fe203 lubricatedtithstearicacidand
infigure6. For’thepurposeof comparison,the
a curvetakenfromreference13 showingthefric-
oftheunlubricatedfiln’ofFe203,formedona

.—.. ._— - -.—.— .——.— ——— ———. -.— . . . --



10 NACATN 2366

steelsrmface.Theotherdatapresentedsrethoseobtainedwith “
purecetaneon Fe203,withO.1-perc=tste~icacid~ cet~e on
Fe203,withO.5-perceritsteticaid ficet~e on Fe203)ad ‘ith
a rubbedfilmofpurestearicacidon Fe@3.

Lubricationof Fe203 withpurecetaewassomewhateffective
intherangeof slidingvelocitiesbelow500feetperminuteregsrd-
ingfriction(fig.6)sndsurface-failuretendencies.By compari-
son,cetaneon Fe304 (fig.5)protidedeffectivelubricationo~er
theentirerangeof slidingvelocitieswithk constantfriction
coefficientof0.15. Theinitiallowvalues(fig.6)andsmooth
slidingmayhaveresultedfromroughnessor surfaceporosityof
the Fe203 film.Roughnesswilleffectivelyincreasetheenergy
ofadhesionofthelubricantto thesurface(reference15). At
slifingvelocitiesof1000feetperminuteandabove,thesliding
wasnotsmooth,surfaceweldingoccurred,andoccasional.1.ythere
wereviolentfluctuationsinfriction-forcemeasurements.

Fortherangeof slidingvelocitiesbelow3000feetperminute,
thecurvesfortheO.1-percentandthe0.5-percentsolutionsof
stesricacidin cetaneon Fe203 f- wereco~cid~t ~d effec-
tivelubricationwasobtained.At slidingvelocitiesabove
3000feetperminute,surfacefailureoccurred.Thesurfacetem-
peratureatthecriticalvelocityof3000feetperminuteis
believedto correspondto thetransitiontemperaturediscussedin
reference16forsteelsurfaces.Thesoapsofdifferentacids
wouldprobablyproducedifferentcriticalvelocitiescorresponding
tothetransitiontemperaturesdescribedinreference16. Abovea
slidingvelocityof 3000feetperminute,thefrictionvfiuesfor
lubricantsolutionson Fe203 approachthoseobtainedforthepure
cetaneon Fe203.Thecurveforthelowerconcentration(fig.6)
breaksawayfYomthatforthehigherconcentrationandbecomes
coincidentwiththatobtainedforthepurecetaneat slidingveloc- “
itiesabove5000feetpertinute.Withthehigherconcentration,
thecurveapproachesthatforthepurecetaneon Fe203 filmat
thenaximumslidingvelocityreported.

Slidingvelocityhad.verylittleeffectonfrictionforthe
rubb,edfilmofpurestesricacidon Fe203.Thecompleteeffec-
tivenessoflubricationcanagafnbe attributedtofilmthickness
andcrystal.orientationoftherubbedfilm.

.

.

.
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Effectof SurfaceOxides

u

Stearic-acidsolution(0.5-percent).- A comparisonofthe
effectsof differentsurfacetreatmentsforsurfaceslubricated
witha solutionof0.5-percentstearicacidin ce’caneis shownin
figure7. Lubricationfailureoccurredforthe Fe20~ fihnat
essentiallythesameslidingvelocityasfortheclesmsteel

o specimens.Suchcoincidentlubricationfailureforthedifferent
x@.1 surfacessuggeststhata similarlubricationmechanismoccurswith

both Fe2~ andwithclean-steelfilms.Thecontinuedeffective
lubricationofthe Fe304 film(fig.7) atthehighestsliding
velocitiesisa resultofotherfactorsthatwill.be subsequently
discussedinthesectionon lubricationmechanism.

.

Theresultsobtainedatthelowerdli~ngvelocitiesconfirm
theworkwitha fattyacidreportedinfigure2 ofreference17,
whichshowsthatthetypesof”thickoxidesformedon iron,copper,
zinc,cadmium,andmagnesiumby differentproceduresdidnothave
w pronouncedeffectonfriction.At thehigherslidingveloc-
ities,however,averymarkedeffectofthetypeof,oxide(fig.7)
isapparent.Thetypeofoxidefilmhasa lessereffectonthe

. frictionvaluesintheverylowrangeof slidingvelocitiesthan
intherangeofvelocitiesgeaterthanthecritical.At sliding
velocitiesbelowthecriticalforthesolutions,frictionis some-
whatlowerwherethepreparedfilmis Fe203 thanwherethepre-

paredfilmis Fe304.Studyofthe.weartracksindicatesthat
thepenetrationofthefilmislesswith Fe203 thanwith Fe304
or steelsurfaceswhereeffectivelubricationwas‘obtained.

Photographsareshowninfigure8 of sectionsof diskspeci-
mens”thathadbeenrunwith0.5-percentstearicacidincetaneon
a Fe203 fib ~d ‘na Fe304 fi~” Visualobsenationafter

experimentsindicatedthatlubricationfailurehadoccurredon
thespecimenhavingthe Fe203 filmathighslidingvelocities
anddidnotoccurexceptforhighloadswiththe Fe304 film.

Failureoccurredwiththebeginningof “stickslipsliding”,which
accompaniedtheformationofminuteweldsonthecontactsurfaces.

.
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Thedatapresentedinfigure9 showthatthecriticslsliding
velocityobservedatapproximate~,3000feetperminutewasindepend-
entof otidefilm (Fe203)thickness.Ithaspreviouslybeenshown

(fig.6)thatcriticalslid5ngvelocitywitha Fe#3 fih (1000A
thick)isindependentoftheconcentrationofstearicacidincetane.
Theobservationon effectoffilmthicknessisbasedona comparison
ofdataobtainedfora filmthicknessof 500angstromunits(data
pointsoffig.9)withthatobtainedfora filmthictiessof
1000angstromtmits(dashedcurveoffig.9)ushg a ste=ic-acid
concentrationof0.5-percent.Atthelowerslid@ velocities,the
valuesforthecoefficientoffrictionfallwithintheexperimental
limitsofthereferencecurveforthethicker(1OOOA) Fe#3 fire=
i<lithfilmsof500and1000sngstromunits,lubricationeffectiveness
wasindependentof Fe203 filmtl+ickness.

-e stearicacid.- Theeffectof slidingvelocityonfriction
ofdifferentsurfaceslubricatedwitha rubbedfilmofpurestearic
acidisshowninfigure10. At theminimumslidingvelocity,no dif-

. ferenceinfrictionisobservedforthetwoprepsredoxidefilms.
‘Thecurvesfortheprep=redFe304 fi~ =d the?le~ steelsur-.
faces (Fe304,20A) werenearlycoincident,indicatingagainthat .
thethicknessoftheotidefilmisunimportantwheneffectivelub-
ricationisobtained.At Q slidingvelocities,frictionis
slightlylowerforthe Fe203 fi~ thanfortheothersurfaces.‘
Foralldisksurfaceslubricatedwiththepurestearicacid,no
weartrackswerevisiblewithoutmagnificationwhenfrictionwas
0.08or less.

.
Theeffectofloadon

forsteelhavinga filmof

bad Effects

frictionatvsriousslidingvelocities “
Fe304 lubricatedtith0.5-percent

stearicacidincetaneisshowninfigure11. Datawereobtained
forloadsfrom169to 1543grams.Generally,frictionincreased
withincreasingloads.Thischaracteristicwasalsoobservedwith
dry Fe304 films(reference13). Markedincreasesinfrictionwith
loadwereobservedintheloadrangefrom169to 269gramsandwhen
lubricationfailed.Failure(highfrictionandsurfacewelding)
wasobservedatloadsabove769gramswithsl$dingvelocitiesof
3000feetperminuteandhigher.Thesedatapointswereunstable
becausethesurfacesweremibjectedtoprogressivefailureatthe
the thedataweretaken. “ . ..,

/

n

w

— —
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A seriesofphotomicrographsshowingsurfacesof diskspeci-
menslubricatedwith0.5-percentstearicacidincetaneaftervari-
ousconditionsof slidingis shownin,figure12. Smoothweartracks
characteristicof effectiveMbricationareshownforcleausteel
md fora Fe203 filminfi~es 12(a)and12(b),respectively.
Figure12(c)showstheweldingthataccompa@edlubricationfailure
ofan Fe~03 filmathighslidingvelocity.Comparisonoffig-
ures12(b)and12(d)showsthatincreasedloadscanalsoleadto
draEticsurfacefailureby masssurfacewelding.Comparisonof
figure12(d)withfigure12(e)illustratesthat Fe304 has~eater
loadcapacitythan Fe203.Witha 1017-qramload,failureofa

Fe304 filmdidnotoccuruntiltheslidingvelocityhadbeen
increasedto 3000feetpermimte (fig.ll)j failureofa

‘e203 filmoccurredat 1000feetperminutewith’thesameload

(fig.12(d)). Figure’12(e)showssomeplasticflowofthesurface.
A greateramuntofplasticflowisetidentinfigure12(f),which
showsa surfaceproducedbymoresevereslidingconditions.On
bothedgesandtithebottomofthewe= tracks,materialhas
flowedsufficientlytopartlyfillcoarsefinishingmarks.‘

Themechanismof
describedasfollows:

LubricationMechanism

lubrication,byfatty-acidsolutionscanbe
Withverylightloads,effectivelubrication

isprovidedbystronglyphysicallyadsorbedfilmsoftheadditive.
Withslightlyheavierloads,theadsorbedfilmispenetratedand
lubricationisprovidedbythemetallicsoapfilm. Themetallic
soap,withincreasedloadsorvelocities,softensormeltsand
underextremeconditionsbreaksdown.Afterthemeltingpointof
themetallicsoaphasbeenreached,thesoapbreaksdownandany
furtherlubricationisdependentontheoxide.Resultspresented
h&ein showthattheotideFe304 preventedlubricationfailures
underextremeconditions.Studiesof Fe304 describedinreference18
(p.745)showthatunderconditionsof severeloadmagnetitecrystals
breakintopiecesandthatthefragmentshavetheformoflittle@ates
thatseparatefromthecrystalparaUleltotheoctahedralfaces.It
isalsoreportedinreference18thatthe Fe304 doesnotexhibit
anytendencytowardplasticdeformation.It ispossiblethat
adsorbedfilmsandmetallicsoapsmayhaveformedonthesurfaces
ofthesefragments.Studyof someoftheweartracksina number
oftherunshaveshownthatthe Fe304 hasa tendencytoflowin
trackswheresurfacedeformationhadoccurred.Eecausethe
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Fe304 isnota plasticmaterial,itmightreasonablybe suggested
thatthecrystalsoftheoxidewerefragmentedandthattheresult-
ingplatesspreadoverthesurface.Theseplatesmaylubricatein
a mannerverysimilsrto ~aphite.By contrast,Fe203 Ud not
protectthesurfaceunderextremeslidingconditionsandwascom-
pletelyscsledoutofthecontactingareawhenfilmruptureoccurred.

Whentheoxidesarefoz&edatlowtemperatures,aswasthecase
intheseexperiments,theadsorptivecapacityismuchgreaterthan
ifformedat‘highertemperatures(reference18,p. 808). Ifthe
lubricatingadditivepenetratedtheporousoxidefti, it isprob-
ablethata reactionproductwasformedwitfinthefilm. Theoxide
willthenbe comparablewiththehardmatrixofa bearingmaterial
andmayfunctionby extrmsionofthefluidlubricantorreaction
productaccordSngto thethin-metallic-filmtheoryoflubrication
ofbearingmaterials.Typical.ofthistypeofmaterialisthe
copper-lesdbearing,wherethelowshearstrengthleadis extruded
fromwithinthehardcoppermatrix.Anytendencyofthelubricat-
ingfilm,eitherthefluid,adsorbedadditive,soap,or oxidefilm,
toflowoverthesurfaceandpreventmetalliccontactisbeneficial
inprovidingeffectivelubrication.

SUMMARYOFRESULTS

Lubricationof cleansteelmd oxide-coatedsteelsurfaceswas
studiedusingstearicacidasa lubricantadditiveincetaneandas
a purerubbedfilm.At slidingvelocitiesbetween75and7000feet
perminutewithloadsfrom169’to1543grams,thefollowingresults
wereobserved:

1.A preparedfihnofferroso-fenicoxideFe304 prevented
lubricationfailurewithstearicacidandcetaneat slidingveloci-
tieshigherthan7000feetperminu%e(269gramlosd)andwith
loadsto 769gramsat a skhlingvelocityof 6000feetperminute.
Frictiondecreasedslightlywithincreasedslidingvelocity.

2.LubricationWithstearicacidasanadditivein cetanewas
effectiveto sliiMngvelocitiesof
steels-aces andsurfacescoated
lubricationfailureswereprobably
licsoapformedbyreactionofthe
filmsonthesteelsurfaces.

.

30~ feetperminutewithclean
withferri~oxide
causedbymelting
stearicacidwith

Fe203.The
ofthemetal-
theoxide

—.— ————- —— ———..———.—_— ——..
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3.Thi&ess ofthefilmsof Fe304 oncle= steel(approxi-
mately20A) andwiththepreparedoxhlefilm(approximately1000A)
influencedlubricationfailurewithstearicacidincetaneathigh
slidingvelocitieswherethethickerfilmpreventedfailure.Fric-
tionvalueswereduplicatedwiththetwotypesof surfaceat slid-
ingml.ocitiesbelow3000feetperminute.~cmss ‘f ‘e203 ‘-
didnotinfluencefrictiontitsto anymarkedextent.

.-
4.A rubbedfilmofpurestesricacidwaseffectiveinprevent-

inglubricationfailureon cleansteelandotide-coatedsurfaceswith
a loadof 269warnsat slidingvelocitiesabove7(XIOfeetperminute.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,January30,1951.
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(a)Fe203.

(b)Fe304. v
C.27270”

Figure”3.- Electrcm diffraction~t%ernsof&&e film.
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